Abstract-This paper presents the control of a doubly fed induction machine (DFIM) via a matrix converter applied to the machine's rotor side. The experimental set-up shall be used to show its viability for wind energy applications. Stator Field Oriented control of the machine was implemented for active and reactive power control. The effects of rotor side current harmonics, on the control scheme were analysed. The paper also presents experimental results for active and reactive power control for the variable speed DFIM including operation at zero Stator Reactive power.
INTRODUCTION
Wind power is widely recognised as a viable source of energy to aid conventional power generation. Variable speed driven turbines provide a means to continuously capture the maximum wind energy available such that maximum power operation is achieved under all conditions. Doubly-fed induction generators are considered to be a good alternative where a restricted variable speed generation system is needed [4] . The main advantage of the doubly-fed scheme over the singly-fed scheme is that the power converter required for the control of the machine can have a substantially reduced VoltAmpere rating. The converter is installed on the rotor side and usually consists of two back-to-back voltage source inverters which allow bidirectional power flow. In this paper a matrix converter is proposed [1] - [3] since it is inherently bidirectional and can achieve four quadrant operation without requiring the need for any bulky and costly energy storage components. Further, the control schemes are simpler than those needed by the two stage power converters as both input current and output target voltages are modulated within the same algorithm.
Considering the above, together with its robustness and reliability, the matrix converter has been considered for the control of the DFIM. The practical difficulties and constraints encountered in such system integration are studied. The analysis employs a standard stator flux orientation (SFO) vector control algorithm whilst space vector modulation (SVM) was used for the control of the matrix converter switches. 
II. CONTROL OF THE DFIM

A. DFIM Model
The dynamic equations of the DFIM in the dq-frame are given by: 
B. Control of the DFIM
Both SFO and Stator Voltage Orientation (SVO) methods have been investigated in literature [6] - [9] . For the control of the DFIM presented in this work, the SFO scheme shown in Fig.2 was adopted. The stator voltages and rotor currents are known quantities for the case of the DFIM rotor fed from a matrix converter, thus the rotor flux components can be written as:
The rotor dynamic equations can be written as:
The torque equation is given by:
( 1 0 ) and the d-axis stator current is give by: 
C. Stator Flux Angle Calculation
The Flux angle used for orientation ( 
III. EXPERIMENTAL SET-UP
The DFIG system was set-up by coupling the induction machine to a commercial four quadrant dc drive which was to act both as a prime mover and a load unit. A matrix converter was designed, built and installed on the rotor side of the DFIG. The machine parameters are found in the appendix (Table II) .
The matrix converter for the rotor side control was constructed using nine Semikron SK60GM123 insulated gate bi-polar transistor (IGBT) modules. An FPGA based interface card was used for the data acquisition of the voltage and current sensors and the encoder. The FPGA also provided protection against over-voltages, over-currents and included a watchdog circuitry. The control platform for the DFIM and matrix converter control was a C6713 DSP. Data transfer and 'on line' reference changes were carried out between the DSP and a PC via the DSP board's host port interface (HPI).
A. Current Control Loop Operation
The discretised PI controller performance was tested separately using the de-energised DFIM rotor side as a passive RL load. The machine stator was short-circuited allowing testing of the machine dynamics under similar conditions to those experienced during normal drive operation (controlled rotor currents and stator gridconnected). With this set-up the response to a step demand in both (at a slip of 25%), the rotor currents shown in Fig. 5 are obtained. Fig. 6 shows the rotor current spectrum where the fundamental frequency and other frequencies of relatively large amplitude can be observed.
These current harmonics are due to the machine winding harmonics in the induced rotor voltage and are mainly attributed to : a. Non-sinusoidal distributed stator and/or rotor windings (placed in slots). b. Variations in machine reluctance during rotational movement due to the presence of stator and rotor slots. Considering that these harmonics will increase in amplitude as the relative rotational speeds increase, they might ultimately deteriorate the system performance under certain conditions if they are not taken into consideration [6] , [11] . Table I summaries what is documented on DFIM in literature [11] as concerns the machine winding harmonics The harmonics observed in Fig 6. are in agreement with this  table.   TABLE I. ROTOR HARMONICS [11] Harmonic Frequency The rotor current harmonic spectrum obtained in Fig.6 shows that the most prominent harmonics are: a. the ( ) The harmonics in (a) are due to the machine's windings and magnetic eccentricity as explained above, whilst the harmonics in (b) are due to the matrix converter switching and commutation. Experimental tests were carried out to verify the origin of the rotor current harmonics and their effect on the current controllers. It was determined that due to their high frequency, they lay outside the controller's bandwidth and hence beyond its capability whatsoever [6] . For clarity, it was decided to show filtered rotor currents (filtered by a low pass filer of 80 Hz) for the waveforms presented in the following results section.
V. RESULTS
A. Power Control of DFIM
The stator active and reactive power are given by:
The above equations show that the active ( S P The system's operational speed was set by the speed controlled regenerative dc drive which was simulating a wind generation system. Figures 7 and 8 show the system's stator power output during step demands of 3A and 4A in the rotor's quadrature and direct currents respectively. 
B. Variable Speed Operation of DFIM
C. Stator Unity Power Factor Operation
For correct operation, the DFIM's stator flux is required to remain constant throughout its operation. The machine magnetisation current required to maintain the stator flux can either be fed from the stator side or the rotor side or both together. For grid connected systems it is often desired to opt for zero reactive power. This can be achieved by setting d R i equal to the machine magnetisation current, such that S Q in equation (14) is reduced to zero.
In Fig. 12 , initially the stator flux is maintained by the stator circuit, after 0.15s, the Stator VArs are reduced to zero by supplying the machine magnetisation current entirely by the rotor side. (Since the DFIM used requires a magnetisation current which is larger than the rotor winding rating, the supply voltage had to be reduced by 40%). Fig. 13 shows the stator side voltage and current where it can be observed that the stator current does a 180 degree phase change on reducing S Q to zero. Fig. 12.) 
VI. CONCLUSIONS
The paper has presented the application of a matrix converter to a DFIG wind energy system. The matrix converter was used for control of the rotor side of the induction machine to achieve Active and Reactive stator power control under varying speed operation. An analysis of the effects of the inherent rotor current harmonics on the current controllers was also discussed. Experimental results for P and Q control and operation at below and above synchronous speed operation are presented. Further it has been shown that zero stator reactive power is possible by supplying the machine's magnetization current from the rotor circuit.
VII. APPENDIX 6.5mH 2) Mutual Inductance 117.1mH 2) Turns ratio (stator to rotor) 
